Abstract: Polycyclic aromatic hydrocarbons (PAHs) are widespread pollutants and can negatively affect plants. Fluorene is a prevalent PAH in the contaminated environment. In this study, the effects of higher concentrations of fluorene in soil on rate of seed germination, growth, and the physiological parameters of wheat, sunflower, and alfalfa were studied. The results showed that the higher concentration of fluorene decreased rate of seed germination and seedlings growth of plants. Wheat showed the highest resistance at seed germination and seedlings growth phases, and sunflower was the most sensitive species at both stages. Therefore, it was concluded that higher resistance at seed germination could be followed by the higher resistance of seedlings. Fluorene toxicity also induced oxidative stress in plants as shown by MDA accumulation in the plants. There was a significant correlation between the lower activity of CAT and MDA accumulation in the studied plants. Therefore, CAT could be an important enzyme involved in detoxification of ROS and plants resistance to fluorene toxicity. Depending on plant species and fluorene concentration, photosynthetic pigments content was differently affected.
Introduction
During the last decades, environmental contamination has become one of the major problems worldwide. Polycyclic aromatic hydrocarbons (PAHs) are a class of diverse organic pollutants (Chauhan, 
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Fazlurrahman, Oakeshott, & Jain, 2008; Jajoo et al., 2014) comprising at least two condensed benzene rings (Li et al., 2014; Watts, Ballestero, & Gardner, 2006) and several hundred of these compounds that exist in the environment (Chauhan et al., 2008; Wilcke, 2000) . PAHs can be released to the environment by natural processes such as volcanic erosion (Chauhan et al., 2008; Jan et al., 2014) and anthropogenic activities such as the incomplete combustion of fossil fuels (Li et al., 2014; Wilcke, 2000) . PAHs generally are the hydrophobic (Parrish et al., 2006) and are regarded as persistence compounds in the environment (Jan et al., 2014; Parrish et al., 2006; Wei, Song, Tian, & Liu, 2014) . The bioaccumulation potential, toxicity for living organisms, and stability in the environment are higher for PAHs with a high-molecular weight (Chauhan et al., 2008) . PAHs have adverse impacts on living organisms, and their carcinogenic and genotoxic potentials are well known (Khan, Aijun, Zhang, Hu, & Zhu, 2008; Su & Zhu, 2008) . US Environmental Protection Agency (US-EPA) has recommended 16 PAHs as priority pollutants for monitoring in the environment (Gao & Zhu, 2004; Jan et al., 2014; Li et al., 2014) .
Fluorene is one of the low-molecular weight PAHs (Khan et al., 2008) comprising three benzene rings (Chauhan et al., 2008; Khodadoust, Bagchi, Suidan, Brenner, & Sellers, 2000; Song, Jing, Fleischmann, & Wilke, 2002) and it is one of the 16 PAHs listed by EPA as priority pollutants (Mastral et al., 2003) . Fluorene is widely used for the synthesis of pigments, dyes, polymers, and drugs (Han & Wang, 2009) and it is a toxic compound for plants (Somtrakoon, Chaimeungkoon, Phalaphol, & Chouychai, 2012) . This compound shows relatively higher water solubility when compared to many other PAHs (Eom, Rast, Veber, & Vasseur, 2007) and it is one of the most abundant PAHs in the contaminated soils (Watts et al., 2006; Wilcke, 2000) , sediments (Nishigima, Weber, & B00EDcego, 2001) , and plants (Eom et al., 2007; Watts et al., 2006; Watts, Ballestero, & Gardner, 2008) .
Plants can uptake PAHs from the contaminated water (Lee, Lee, Lee, & Kim, 2008; Watts et al., 2006) and soils (Gao & Zhu, 2004; Meudec, Dussauze, Deslandes, & Poupart, 2006) . PAHs' uptake and its effect on plants depend on some parameters such as initial concentrations and chemical properties of PAHs (Singh & Jain, 2003; Watts et al., 2006) , physico-chemical properties of soil (Khan et al., 2008; Mohan, Kisa, Ohkuma, Kanaly, & Shimizu, 2006) , and plant species (Khan et al., 2008; Lee et al., 2008) . Plants can uptake PAHs by roots from soil (Gao & Zhu, 2004; Khan et al., 2008; Meudec et al., 2006; Sun, Liu, Jin, & Gao, 2014) or by shoots from atmosphere (Khan et al., 2008; Lee et al., 2008; Watts et al., 2006) . PAHs have harmful effects on plants (Wilcke, 2000) , leading to morphological, cytological, genetical, and metabolic disorders in the plants (Kvesitadze, Khatisashvili, Sadunishvili, & Ramsden, 2006) . Inhibition and reduction of seed germination (Huang, El-Alawi, Penrose, Glick, & Greenberg, 2004; Reynoso-Cuevas, Gallegos-MartíDnez, Cruz-Sosa, & Gutiérrez-Rojas, 2008; , induction of oxidative stress in the plants (Liu et al., 2008; Pašková, Hilscherová, Feldmannová, & Bláha, 2006) , and disruption in photosynthetic apparatus function (Huang et al., 2004; Liu et al., 2008; Tomar & Jajoo, 2013) are some known effects of PAHs on the plants. While the negative effects of PAHs on the plants are well known, the physiological aspects of those effects on plants, and the mechanisms of plants responses to PAHs contamination and toxicity have rarely been studied. Accordingly, in this research, the effects of the higher concentrations of fluorene on the rate of seed germination and seedling growth of wheat, sunflower, and alfalfa were studied. Moreover, the evaluation of the biochemical and physiological responses of plants to fluorene toxicity was another aim of this study.
Materials and methods

Experimental design
Experiment was conducted as a pot culture of plants using a completely randomized design with four replications for each treatment.
Soil preparation and treatment
Soil was collected from an agricultural district in the northwest of Iran (Moghan, Ardabil province), far from roads, urban settlements, and industries in order to minimize the initial concentration of PAHs in the soils. The soil texture was clay loam containing 58.2% clay, 35.6% silt, and 6.2% sand. The pH, electrical conductivity, cation-exchange capacity, and organic material content of soil were 6.2, 195 μs m , and 3.1%, respectively (Jaiswal, 2004) . Soils were air-dried at lab conditions, passed through <2 mm sieve, and autoclaved for 2 h at 121°C in order to eliminate micro-organisms which could be affective in the dissipation of PAHs (Parrish et al., 2006) . For determination of initial PAHs concentrations in collected soil, PAHs were extracted based on a method used by Mueller and Shann (2006) and analyzed using a GC (Varian GC CP-3800). No PAHs including fluorene were detected in the soils collected from agricultural fields. For preparation of fluorene contaminated soil, a particular concentration (50 and 100 mg kg −1 ) of fluorene was dissolved in acetone and added to the soils at a rate of 20 ml of solution per kilogram of soil (Smith, Flowers, Duncan, & Alder, 2006) . Only 20 ml of acetone per kilogram without any fluorene was added to the soil used for the cultivation of the control plants. Then, soils were thoroughly homogenized using paddle several times, left in dark for three days, and shaken daily to ensure uniform distribution of the fluorene and evaporation of acetone. Finally, soils were divided into 1 kg pots and used for the culture of plants.
Plant culture
Seeds of wheat (Triticum aestivum L.), alfalfa (Medicago sativa L.), and sunflower (Helianthus annus L.) were supplied by Seed and Plant Improvement Institute of Iran (SPII, Karaj, Iran) and stored at 4°C until cultivation. An appropriate number of plants seeds (10, 50 , and 10 seeds of wheat, alfalfa, and sunflower, respectively) were selected based on their vitality and uniformity. The seed surface was disinfected using 1% (v/v) sodium-hypochlorite solution, rinsed by sufficient distilled water, and immediately sown in plastic pots containing control and fluorene-treated soil. The pots were transferred to the controlled condition in a greenhouse at Tabriz university with 25-30°C temperature range, 16/8 (light/dark) photoperiod, and the relative humidity of 50-60%. The water content of the pots was adjusted to 100% field capacity every three days using sterile distilled water until the harvesting of plants. Seed germination was monitored over one week and the number of germinated seeds in each pot was recorded. The rate of seed germination was calculated as the percentage of germinated seeds to the total number of seeds for each species.
Harvesting of plants and assays
The experiment was conducted for 14 days. Biochemical and physiological assays were performed using fresh samples before plants harvesting. After the estimation of shoot height and root length, the harvested plants were divided into the roots and shoots. Samples were completely washed with water, immediately dried on the towel paper, and transferred to 70°C after determination of the fresh weight. The dry weight of samples was measured after 72 h.
Estimation of photosynthetic pigments content
Photosynthetic pigments content (chlorophyll a, b, total chlorophyll, and total carotenoids) was measured according to Hartmut (1987) . Briefly, 0.5 g of fresh leaf samples was homogenized with 6 ml of in >99.5% acetone using a mortar and pestle on ice bath. Homogenates were filtered using a number 42 Whatman filter paper and for the determination of pigments contents, the absorbance of extracts was recorded at 645, 663, and 470 nm (Analytic Jena, Specol 200).
Estimation of malondialdehyde content (MDA)
Lipid peroxidation was evaluated by measuring malondialdehyde (MDA) content in fresh shoot material according to Boominathan and Doran (2002) . The samples were homogenized with 0.1% (W/V) trichloroacetic acid (TCA, Merck, Germany) and centrifuged at 10,000 g for 5 min. Then, 0.5 ml of supernatants were mixed with 4 ml of 20% TCA containing 0.5% of 2-thiobarbituric acid (Merck, Germany) and heated for 30 min in hot water at 95°C. The mixtures were immediately transferred to ice bath and then centrifuged at 10,000 g for 15 min. Finally, the absorbance of supernatants recorded in 532 nm and MDA concentration was calculated according to standard curve prepared by using 3,1,1,3-tetraethoxy propane (0-100 nM) and expressed as μg g −1 FW.
Total soluble protein content estimation and enzyme assays
The shoot samples (2 g) were homogenized in 15 ml of 0.1 M sodium phosphate (Na 2 HPO 4 /NaH 2 PO 4 , pH 7) buffer solution on the ice bath using mortar and pestle. Homogenates were centrifuged at 10,000 g for 10 min at 4°C and supernatants were used for soluble protein content estimation and enzyme assays. Soluble protein content was determined according to a method described by Bradford (1976) .
The activity of peroxidase (POD, EC1.11.1.7) and catalase (CAT, EC 1.11.1.6) was assayed spectrophotometrically according to the methods of Obinger, Maj, Nicholls, and Loewen (1997) and Chance and Maehly (1955) , respectively. Briefly, for the estimation of POD activity, the increase in absorbance at 470 nm during the polymerization of guaiacol to tetraguaiacol was recorded for 3 min and POD-specific activity calculated using the extinction coefficient of 26.6 mM −1 cm −1 for guaiacol. The reaction mixture contained 10 mM of potassium phosphate buffer (pH 7), 5 mM of H 2 O 2 , 4 mM of guaiacol, and 25 μM of enzyme extract. One unite of POD activity was considered as the enzyme amount capable of oxidizing 1 μM guaiacol to tetraguaiacol per minute. The activity of CAT was measured at 240 nm by following the decomposition of H 2 O 2 for 3 min. The reaction mixture contained 50 mM potassium phosphate buffer (pH 7), 10 mM H 2 O 2 , and 50 μM of enzyme extract. CAT-specific activity was calculated using the extinction coefficient of 27 M −1 cm −1 for H 2 O 2 and one unite of CAT activity was considered as the amount of enzyme necessary for the reduction of 1 μM H 2 O 2 per minute.
Statistical analysis
Analysis of variance was conducted with Tukey-Kramer multiple comparisons test using Sigma stat 3.2 software and reading was considered significant when p < 0.05. Microsoft excel 2007 software was used for the preparation of figures.
Results
Seed germination rate
Seed germination rate of wheat plants was not notably affected by fuorene. In the alfalfa plant, the rate of seed germination was significantly decreased (−18%) by 100 mg kg −1 of fluorene (p < 0.05), but both 50 and 100 mg kg −1 of fluorene led to considerable reduction in the seed germination rate of sunflower plants (Figure 1 ). The inhibition in the rate of seed germination in sunflower plant by 50 and 100 mg kg −1 of fluorene was 55 and 66%, respectively. The effect of 50 and 100 mg kg −1 of fluorene on the seed germination rates of all studied species was not significantly different (p < 0.05).
Growth parameters
Fluorene negatively affected the growth parameters of all studied species. Shoots' height of all species was significantly decreased by 100 mg kg −1 of fluorene, but the effect of 50 mg kg −1 of fluorene was only significant in sunflower plants (p < 0.05) ( Table 1 ). Similar to seed germination, sunflower and wheat plants were showed the highest and lowest reduction in shoot height, respectively. In comparison with the control, the shoot height of wheat, alfalfa, and sunflower were decreased 15, 17, and 56% by 100 mg kg −1 of fluorene, respectively (Table 1) . However, the difference between fluorene treatments was only significant in sunflower plants (p < 0.05). Plants treatment with 100 mg kg −1 of fluorene led to 18, 47, and 83% reduction in the shoot dry weight of wheat, alfalfa, and sunflower in comparison with the control, respectively. These values for the root fresh weight were 17, 18, and 90%, respectively. Therefore, similar to the rate of seed germination and shoot height, the highest and lowest decrease in both shoot and root fresh weight was observed in sunflower and wheat plants, respectively.
Both fluorene treatments significantly affected the root and shoot dry weight of all studied species (p < 0.05) ( Table 1 ). Similar to other growth parameters, wheat plants showed the lowest reductions in both root and shoot dry weight (20 and 50%, respectively). However, the highest decrease in the shoot dry weight was observed in alfalfa plants (90% in both treatments of fluorene). Therefore, sunflower was the most sensitive plant according to results of root dry weight. Shoot/root dry weight ratio in wheat plants decreased up to 38%; in alfalfa and sunflower plant, the ratios were increased up to 1.29 and 1.68 times, respectively. Shoot/root fresh weight ratio in wheat plants was slightly decreased, but in sunflower plant the ratio increased up to 1.79 times.
Enzymes activity
CAT activity in the shoots of all studied species was higher than that in the roots of the control and the treated plants. The activity of CAT in the shoots of wheat was considerably higher than that in sunflower and alfalfa plants. CAT activity in the roots and shoots of all species were significantly decreased by 100 mg kg -1 of fluorene (p < 0.05). The decrease rate in CAT activity in the shoots of wheat, alfalfa, and sunflower plants was 58.9, 76.5, and 52%, respectively. These values for CAT activity in the roots were 36, 45, and 40%, respectively (Table 2) . Therefore, the CAT activity in the shoots was more sensitive to fluorene toxicity in comparison to the roots. The effect of 50 mg kg −1 of fluorene on CAT activity was only significant in the shoots of alfalfa and the roots of wheat plants (p < 0.05). POD activity in the shoots of wheat plants was significantly stimulated by 50 and 100 mg kg −1 of fluorene (54 and 94%, respectively), but it was significantly decreased in the roots (58 and 64%, respectively) (p < 0.05) ( Table 2 ). An exactly opposite result was observed in alfalfa plants. POD activity was slightly increased in the roots (13%) and significantly decreased in the shoots (39%). Furthermore, in wheat and alfalfa, fluorene differently affected POD activity in the roots and shoot, and treatment of sunflower plants with 100 mg kg −1 of fluorene caused significant reduction in POD activity in the roots (21%) and shoots (54%) (p < 0.05) ( Table 2) . Therefore, the effects of fluorene on POD activity depended on plant species as well as plant organs.
Total soluble protein and MDA content
In all studied species, the total soluble protein content in the roots of control and treated plants was higher than that in the shoots. Both fluorene treatments caused significant increase in soluble protein accumulation in the shoots of alfalfa and wheat plants (Figure 2 ). However, only with 100 mg kg −1 of fluorene, treated plant roots showed significantly higher accumulation of soluble protein (p < 0.05) (Figure 2 ). Total soluble protein content in the roots and shoots of sunflower plants treated with 50 mg kg −1 of fluorene was decreased significantly, but there was no significant difference between the control plants and plants treated with 100 mg kg −1 of fluorene (p < 0.05).
MDA content in the roots of the control and the treated plants was higher than that in the shoots of all studied species. Both fluorene treatments caused significantly higher MDA accumulation in the shoots and roots of alfalfa plants (p < 0.05). A significantly higher MDA content was recorded in the shoots and roots of wheat plants treated with 100 mg kg −1 of fluorene in comparison with the control and 50 mg kg −1 of fluorene plants treated (p < 0.05). The effect of fluorene on MDA content in sunflower was not similar to wheat and alfalfa plants. While, MDA content was significantly reduced in plants treated with 50 mg kg −1 of fluorene, 100 mg kg −1 of fluorene caused significantly higher MDA accumulation in the roots and shoots (p < 0.05) (Figure 3) . 
Photosynthetic pigments content
The effect of fluorene treatments on photosynthetic pigments content was not similar in the studied species (Table 3) . In all species, carotenoids content did not show significant changes in plants treated with fluorene. In wheat and alfalfa, chlorophyll a, chlorophyll b, and total chlorophyll contents significantly decreased in plants treated with 50 mg kg −1 of fluorene (p < 0.05). While, chlorophyll a, chlorophyll b, and total chlorophyll contents in alfalfa plants treated with 100 mg kg −1 of fluorene were significantly lower than those in control plants, but in wheat, the amounts significantly increased to those levels in the control plants (p < 0.05). In sunflower plants, both treatments of fluorene increased chlorophyll pigments content, but it was found that only the effect of 100 mg kg −1 of fluorene was significant (p < 0.05).
Discussion
Fluorene significantly reduced the seed germination rates of alfalfa and sunflower plants. Inhibition and reduction of seed germination by PAHs had previously been reported in plants such as Lepidium sativum (Maila & Cloete, 2002) and Corn (Somtrakoon & Chuoychai, 2013) . However, Smith et al. (2006) showed that PAHs had no effects on seven plant species. In present study, the rate of seed germination of wheat was not affected by fluorene; however, the negative effects of phenanthrene (Wei et al., 2014) and fluoranthene on wheat seeds have been reported previously. Therefore, the effects of different PAHs compounds on the seed germination of plants can be completely different. Destruction of seed embryo by hydrocarbons can be an important reason for the prevention of seed germination (Reynoso-Cuevas et al., 2008) .
In all studied species, growth parameters were significantly decreased by the higher concentrations of fluorene in soil, but the reduction rate was not similar in different plant species. Generally, sunflower and wheat plants were the most sensitive and most resistant species to fluorene contamination, respectively. The negative effects of PAHs contamination on the growth of different plant species have previously been reported in the literature (Alkio, Tabuchi, Wang, & Colón-Carmona, 2005; Muratova, Kapitonova, Chernyshova, & Turkovskaya, 2009; Smith et al., 2006) . However, plants sensitivity to PAHs contamination can be different in species, even those belonging to the same family (Reynoso-Cuevas et al., 2008; Smith et al., 2006) . The results of our study completely confirmed this finding.
According to the results of this study, in both seed germination and seedlings growth phase, sunflower, alfalfa, and wheat plants showed the lowest and highest resistance to the fluorene toxicity, respectively, with alfalfa being intermediate. Therefore, it can be concluded that there is a link between the higher sensitivity of seeds germination rate and seedlings growth reduction in hydrocarboncontaminated soil. Such a link has been reported by Reynoso-Cuevas et al. (2008) , but Smith et al. (2006) have shown that PAHs effects on seeds germination and the subsequent growth of seedlings can be completely different.
The higher concentrations of fluorene led to MDA accumulation in plants, but the accumulation rate was higher in roots, in comparison to the shoots. MDA accumulation due to PAHs toxicities in plants has been previously reported in Arabidopsis thaliana (Liu et al., 2008) . MDA content is the biological marker for ROS accumulation and lipid peroxidation (Gunes, Pilbeam, & Inal, 2009) , and it is usually used for the illustration of plants sensitivity to oxidative stress (Debiane et al., 2008) . Thus, the results of this study clearly showed that fluorene could induce oxidative stress in plants. The lowest MDA content was recorded in sunflower plants treated by fluorene, but the highest reduction in seedling growth was also observed in this plant. Therefore, it can be calculated that MDA accumulation due to oxidative stress could not be a reliable marker for evaluation of the negative effect of fluorene on all plants species.
Except in sunflower, the total soluble protein content in plants treated with 100 mg g −1 of fluorene was significantly increased. Higher protein content could be an adaptive mechanism for plants resistance to PAHs, probably for the replacement of damaged proteins or the higher production of antioxidant enzymes. Hence, higher reduction in sunflower growth could be due to their low capability for protein production under fluorene toxicity.
In all studied species, higher concentrations of fluorene led to significantly lower CAT activity in the roots and shoots. POD activity was differently affected by fluorene, depending on species and plant organs. No significant changes in CAT activity in A. thaliana (Liu et al., 2008 ) and higher POD activity in alfalfa plants (Muratova et al., 2009 ) treated by PAHs have been previously reported in the literature. Induction of oxidative stress in plants is a known effect of PAHs (Liu et al., 2008; Pašková et al., 2006) , and CAT and POD are important enzymes involved in the ROS detoxification and plants resistance to oxidative stress (Liang, Hu, Yang, & Yu, 2003) . The results of this study clearly indicated that fluorene contamination led to MDA accumulation in plants, and there was a significant correlation (p ≤ 0.05) between the lower activity of CAT and MDA accumulation in plants root (r 2 = 0.48) and shoot (r 2 = 0.76). Therefore, MDA accumulation in the studied plants was a result of lower CAT activity and it could be concluded that CAT was the important antioxidant enzyme involved in ROS detoxifying and plants resistance to fluorene toxicity. Furthermore, there was no significant correlation between POD activity and MDA accumulation in the shoots (r 2 = 0.0016) and roots (r 2 = 0.0546) of plants treated with fluorene (p ≤ 0.05). Therefore, POD was not involved in ROS detoxifying and plants resistance to fluorene toxicity.
Photosynthetic pigments content in the studied species was changed differently depending on plant species. While, in sunflower, chlorophyll a and chlorophyll b content was increased significantly by fluorene treatment, but this plant was the most sensitive species to fluorene toxicity. Chlorophyll pigment content was decreased or unchanged in wheat plants treated by fluorene; however, this plant showed the highest resistance to fluorene toxicity. Accordingly, changes in photosynthetic pigments content cannot be regarded as an appropriate marker for the evaluation of plants sensitivity or resistance to PAHs contamination. However, Huang et al. (2004) has reported that changes in photosynthetic pigment contents in response to PAHs contamination are related to species sensitivity. The lower photosynthetic pigment content in Arabidopsis thaliana plants treated by phenanthrene has been previously reported (Liu et al., 2008) .
Conclusion
According to the results of this study, we can conclude that similar to other PAHs, fluorene was found to have a negative effect on the rate of seed germination and seedling growth of plants. Wheat was the most resistance plant in seed germination and seedling growth phases, and sunflower showed highest sensitivity in both phases. Thus, there was a link between better seed germination and the subsequent seedlings growth under PAHs contamination. Fluorene could induce oxidative stress and MDA accumulation in the plants, and there was a significant correlation between the lower activity of CAT and MDA accumulation in the plants. Therefore, CAT was an important enzyme in the detoxification of ROS in plants grown under PAHs contamination. Fluorene effects on photosynthetic pigment content were not similar in the studied plant as its effects are known to depend on plant species, the initial concentration of fluorene, and the pigment type.
